An electroless nickel bump deposited from nickel sulfate solution was investigated for its structural evolution with respect to deposition parameters. The pad size, pitch size, and lead acetate concentration were found to affect the bump structure. Three types of representative structure, the broccoli edge, anisotropic, and pyramidal were identified. The effect of depositing parameters on the evolution of these structures is explained in terms of the adsorption behavior of additive and the diffusion mechanism of the nickel ions. An incorporation of geometry with an additive was found to effectively control the growth behavior of electroless nickel.
An incorporation of geometry with an additive was found to effectively control the growth behavior of electroless nickel. 1, 2 This is due to the control of linear and nonlinear diffusion mechanisms of metal ions. Using a strong complexing agent, pyrophosphate, gives rise to the complete fill of electroless nickel in a contact hole. 1 A stabilizer, or poison, strongly adsorbs on the edge of an confined pad and the deposit edge. 2 This adsorption behavior significantly affects the consecutive growth of the confined area deposition and results in an anisotropic growth of the deposit. By controlling the concentration of Pb 2ϩ in the deposition solution, the deposition of electroless nickel on micropads of a printed circuit board ͑PCB͒ was successfully achieved. 3 A combination of various stabilizers significantly controls the growth morphology and quality of the electroless nickel bump. 4 Multiple stabilizers were suggested for achieving a stable bath as well as a good quality bump. 4 In addition to its influence on electroless nickel bump quality the stabilizer also accelerates the deposition speed. Thiourea 5 was found to enhance the electroless nickel deposition rate due to its participation in the formation of a reactive intermediate. This process facilitates the oxidation of hypophosphite ion. The effect of the stabilizer on the deposition rate is further affected by the concentration of the stabilizers. A concentration of less than 0.5 ppm of mercaptobenzothiazole increases the deposition rate, while the deposition rate is reduced when greater than 0.5 ppm is used. 6 The effect of stabilizers is different due to their different involvement in the reaction process. Pb 2ϩ and mercaptothiazole affect the cathodic half reaction, while iodate ions and maleic acid affect both cathodic and anodic reactions. 6 This present study conducted a systematic study on the structural evolution of an electroless nickel bump with respect to bath additive concentration and bump layout.
Experimental
The electroless nickel deposition was conducted on a Cu plate. The Cu plate was patternized to give the desired bump pattern. The bump pad dimensions are 60-30,000 m while the pitch sizes are 160-650 m. The structure of the electroless nickel bump was investigated with optical microscope ͑OM͒ and scanning electron microscope ͑SEM͒. The electroless nickel deposition bath was composed of nickel sulfate as the metal source, sodium hypophosphite as the reducing agent, 7 and the pH was controlled at 4.6. The concentration of lead acetate varies in the range of 0-3 ppm.
Results and Discussion
The deposition of electroless nickel on a confined area like a bump pad may form three types of structure. Figure 1 shows a broccoli edge bump while most of the central pad area is flat. This bump, 60 m pad and 160 m pitch, was deposited for 60 min from a bath without lead acetate. It indicates a faster deposition speed along the edge than at the central pad area. In contrast, the bump of Fig. 2a and b exhibits a pyramidal structure of which the slope is actually composed of a series of narrow steps as seen in the enlarged area of Fig. 2c . This bump, 250 m pad and 650 m pitch, was deposited for 60 min from a bath containing 1.5 ppm lead acetate. In between the broccoli structure and the pyramidal structure is the anisotropic structure, Fig. 3 . The edge of the bump is vertical in shape. This bump, 250 m pad and 550 m pitch, was deposited for 60 min in the presence of 0.25 ppm of lead acetate. The above three representative morphologies were obtained under varying pad size, pitch size, and lead acetate concentration. These parameters seem to govern the bump structure. A quantitative item, R, the degree of anisotropy, is defined as the ratio of the edge length of the facing area to that of the bottom area of a pyramidal structure. Accordingly, an anisotropic structure is described by R ϭ 1. This design is further discussed in the following.
An electroless nickel deposition bath can be stabilized with lead acetate or thiourea as the stabilizer. The stabilizer may adsorb on the deposit's surface and affect the deposition speed. However, in view of the low level of dosage of the stabilizer, the effect of stabilizer may be significant only when the deposition area is small. This is indicated by the results of Fig. 4 , wherein the bump thickness is suppressed by the presence of lead acetate only when the pad size is smaller than 150 m. The effect of lead acetate on the microstructural evolution of the electroless nickel bump is further revealed by the edge variation. Figure 5 shows the effect of the lead acetate concentration on the bump shape. The bump dimension is 250 m with a pitch size of 550 m. The bump forms a broccoli edge, Figure 5a , when the lead acetate concentration is as low as 0-0.10 ppm. A gradual increase in lead acetate concentration results in supz E-mail: matkllin@mail.ncku.edu.tw It is observed that a further increase in lead acetate dosage from 0.50 to 3.0 ppm results in the formation of a pyramidal structure, Fig. 5c . The value of R, the degree of anisotropy, drops sharply above 0.25 ppm as shown in Fig. 6 . The variation of the degree of anisotropy, R, with respect to pad size and pitch size are shown in Fig. 7 and 8 . These results further demonstrate that a dosage of 0.25 ppm lead acetate will result in anisotropic growth of the electroless nickel bump regarding the pad or pitch dimensions. The value of R remains at 1 for deposits produced without lead acetate because the bump side is sharp for the broccoli edge bump. The value of R decreases as the pitch size increases, Fig. 8 , for 1.5 ppm lead acetate, while R increases as the pad size increases, Fig. 7 . The pitch size for Fig. 7 is 700 m and the pad size for Fig. 8 is 250 m. It tends to form an anisotropic structure at a fine pitch or large pad. This behavior is realizable through the linear and nonlinear diffusion mechanisms of the nickel ions. Nonlinear diffusion of the nickel ion is expected when the pitch size increases, which results in a relatively longer diffusion path in the edge direction. A slower growth rate is achieved for the edge and, thus, a slope is formed. On the other hand, linear diffusion is expected for all areas when the pitch size is small or the pad size is large. As a result, anisotropic growth of the electroless nickel bump is achieved.
The above-mentioned results depict that the electroless nickel bump structure can be manipulated by controlling the lead acetate concentration. In the absence of the lead ion the nickel will prefer- entially deposit along the edge, especially the crest line, due to high surface energy. The preferential deposition along the edge gives rise to the broccoli edge. The introduction of the lead ion tends to adsorb onto the edge for the same reason. The adsorption of the lead ion will suppress the deposition speed along the edge. Too high a dosage of the lead ion will result in a very limiting growth of the electroless nickel along the edge. The deposition and growth of the deposit will then take place on the facing surface. The adsorption of lead ion along the new crest line occurs when the new layer exhibits certain thickness. Subsequently, a new layer starts to form on the surface of the just-formed layer. This consecutive deposition and growth behavior gives rise to a shrinking layer growth of the deposit as observed in Fig. 5c . It essentially then forms a pyramidal structure as further shown in Fig. 9 . The bump of Fig. 9 was obtained with 1.5 ppm lead ion, the pad size is 250 m, and the pitch size is 700 m. The growth of this bump corresponds to an R value of 0.25, almost the lowest of the R values achieved in this study.
Conclusions
The electroless nickel bump tends to form a broccoli edge structure when deposited without a stabilizer. 0.25 ppm lead acetate suppresses the broccoli structure and gives rise to an anisotropic structure. A higher lead acetate dosage resulted in the formation of a pyramidal structure. The lead acetate effect on depressing bump growth rate becomes prominent when the pad size is smaller than 150 m. An increase in pad size and a decrease in pitch size favor the formation of pyramidal structure. 
